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Abstract: Single-crystalline Zn2GeO4 nanobelts with lengths of
hundreds of micrometers, thicknesses as small as ∼7 nm, and
aspect ratios of up to 10 000 were synthesized in a binary
ethylenediamine/water solvent system using a solvothermal route.
The ultralong and ultrathin geometry of the Zn2GeO4 nanoribbon
proves to greatly promote the photocatalytic activity toward
reduction of CO2 into renewable hydrocarbon fuel (CH4) in the
presence of water vapor.

Studies of 1D ternary nanostructures, in comparison with 1D
binary ones, are relatively more meaningful because the ternary
nanostructures exhibit not only more complex functions but also
properties that are readily tunable by changing the ratio of the
component elements.1-3 Reports of 1D ternary nanostructures,
specifically nanoribbons, however, have been limited because of
the considerable difficulty of their synthesis.

Zinc orthogermanate (Zn2GeO4) is an important ternary oxide
that exhibits negative thermal expansion below ambient tempera-
ture.4 It also exhibits high-wavelength selectivity in UV photode-
tectors with fast response and recovery time,5 bright white-bluish
luminescence,6 photocatalytic water splitting, and mineralization
of volatile aromatic hydrocarbons.7 Several solution routes and gas-
phase evaporation techniques have been developed for the prepara-
tion of 1D nanorods7c,d,8 and nanowires of Zn2GeO4.

5

Herein we report for the first time the high-yield synthesis of
single-crystalline Zn2GeO4 nanobelts with lengths of hundreds of
micrometers, thickness as small as ∼7 nm (corresponding to five
repeating cell units), and aspect ratios of up to 10 000 in a binary
ethylenediamine (En)/water solvent system using a solvothermal
route. The ultralong and ultrathin geometry of the Zn2GeO4

nanoribbon greatly improves the photocatalytic activity toward
reduction of CO2 into renewable hydrocarbon fuel (CH4) in the
presence of water vapor.

The preparation procedure is described in the Supporting
Information (SI). All of the X-ray diffraction (XRD) peaks for the
Zn2GeO4 nanobelt can be assigned to the rhombohedral phase of
Zn2GeO4 (JCPDS no. 11-0687) with lattice constants a ) b ) 1.423
nm, c ) 0.953 nm, R ) � ) 90°, and γ ) 120° (Figure SI1). No
impurity phases such as ZnO and GeO2, which appear in other
solution methods,7a were detected. The small-angle XRD pattern

showed no detectable diffraction peaks in the low-angle range,
indicating a pure inorganic phase rather than an inorganic-En
hybrid.9,10 Thermogravimetric (TG) analysis also confirmed that
no significant decomposition occurred, and weight loss of only 2.5%
was observed after heating to 500 °C (Figure SI2), which was
assignable to desorption of surface-absorbed En and H2O from the
nanoribbon.

Field-emission scanning electron microscopy (FE-SEM) images
show elegant, flexible, ultralong nanobelts (Figure SI3). The lengths
of hundreds of micrometers facilitated connection of the nanorib-
bons to electrodes for detection of their optoelectronic properties,
which is currently underway. The uniform width of 20-50 nm over
their entire length resulted in an aspect ratio (length to width) of
up to 10 000 (Figure 1a,b). A specifically twisting ribbon is
schematically illustrated in Figure 1b.

Transmission electron microscopy (TEM) images further dem-
onstrate the ribbonlike architecture with light contrast (Figure 1c).
The high-resolution TEM (HRTEM) image (Figure 1d) shows that
the interplanar d spacing of ∼0.412 nm corresponds to the (300)
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Figure 1. (a, b) FE-SEM, (c) TEM, and (d) HRTEM images of the
Zn2GeO4 nanoribbons. The inset of (d) shows the FFT pattern obtained
from the HRTEM image. (e) Structural model of a nanoribbon. (f) HRTEM
image taken along [001].
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lattice planes of an orthorhombic Zn2GeO4 phase. The fast Fourier
transform (FFT) pattern indicates that the nanoribbon is a uniform
single crystal with the longitudinal direction along [001] and the
width direction along [100] (Figure 1e). The two major exposed
surfaces of the nanobelts were determined to be {010} facets. Figure
1f presents a typical HRTEM image taken along [001], from which
the thickness of the nanoribbon was measured to be ∼7 nm. The
AFM image of the nanoribbon (Figure SI4) also reveals the
thickness to be ∼7 nm, corresponding well to five repeating cell
units (i.e., 5 × 1.423 nm ) 7.115 nm). A crystalline model of the
nanoribbon can thus be schematically illustrated as shown in Figure
SI5. The precedent cetyltrimethylammonium bromide (CTAB)-
assisted Zn2GeO4 nanorods7c,d and Zn2GeO4 nanowires obtained
by Au-catalyzed vapor-liquid-solid synthesis show a mainly
dominant growth direction along [110],5 indicating that the present
Zn2GeO4 nanoribbons were produced by a totally different growth
mechanism than the others.

It is well-known that alkylamines display bifunctionalities that
mediate the crystal structure growth and control the 1D morphology
of II-VI semiconductor and inorganic-organic hybrids because
they can adsorb on solid surfaces and selectively bind to some
specific panels to control the velocity and direction of crystal
growth; this has been called the solvent-coordination molecular-
template mechanism.9-12 In the present system, employment of
pure En as a single solvent produced small Zn2GeO4 nanorods with
lengths of 200 nm and diameters of 5 nm growing along the [001]
direction (Figure SI6). Use of pure water as the solvent enabled us
to obtain a mixture of microscale rods and particles (Figure SI7).
As a result, we believe that the nanoribbons formed in the En/H2O
binary solvent mainly originate from the structure-directing and
regulating role of En through coordination and H-bonding interac-
tions between the amino groups of En and the surface Zn, Ge, and
O moieties of the Zn2GeO4 framework. The presence of H2O may
partially protonate En molecules, which may weaken and mediate
the interaction of En with the inorganic framework, thereby allowing
the initially formed nanorod to continue to grow, specifically
along the [001] direction. While H2O/alkylamine mixed-solvent
systems were developed early for the synthesis of binary inorganic
and hybrid nanostructures,9a,b the novelty of our work is to extend
this system to the successful one-step synthesis of ultralong ternary
oxide nanoribbons.

Reduction of CO2 to valuable hydrocarbons using solar energy
is one of the best solutions to both the global warming and the
energy shortage problems. Generally, CO2 in the presence of water
vapor can be photoreduced to CH4 using a wide-band-gap semi-
conductor such as TiO2 as a photocatalyst.13 Here we performed
photocatalysis of the CO2 + gaseous H2O reaction in a gas-solid
system over the Zn2GeO4 nanoribbon. The photogenerated holes
in the valence band oxidize water to generate hydrogen ions via
the half-reaction H2O f 1/2O2 + 2H+ + 2e- (Eox° ) 0.82 V vs
NHE), and the photogenerated electrons in the conduction band
reduce CO2 to CH4 via the reaction of CO2 + 8e- + 8H+ f CH4

+ 2H2O (Ered° ) -0.24 V vs NHE). Investigation of the electronic
structure of a Zn2GeO4 nanoribbon using density functional theory
demonstrated that the lower part of the valence band consists of
the Zn 3d and O 2p orbitals, whereas the upper part is composed
of the O 2p orbitals. The bottom of the conduction band is composed
of the Ge 4p orbitals with small contributions from the Zn 4s and
4p orbitals.7b The band gap of the as-prepared Zn2GeO4 nanoribbon
was determined to be ∼4.5 eV on the basis of the UV-vis
absorption spectrum (Figure SI8). The position of the conduction
band of the as-prepared Zn2GeO4 nanoribbons could be determined
using the equation ECB ) X - Ec - 0.5Eg, where Ec is the energy

of free electrons on the hydrogen scale (4.5 eV), X is the
electronegativity of the semiconductor, and Eg is the band-gap
energy of the semiconductor. The edge of the valence band (EVB)
of Zn2GeO4 was determined to be 3.8 V (vs NHE) more positive
than E°(H2O/H+) (0.82 V vs NHE), and the edge of the conduction
band was estimated to be -0.7 V (vs NHE), which is more negative
than E°(CO2/CH4) (-0.24 V vs NHE). This indicates that the
photogenerated electrons and holes in the irradiated Zn2GeO4 can
react with adsorbed CO2 and H2O to produce CH4, as described in
following equation:

Figure 2 shows that the Zn2GeO4 nanoribbons rendered a CH4

yield of ∼1.5 µmol g-1 during the first hour under light illumination
(curve b). A CO2 reduction experiment performed in the dark or in
the absence of the photocatalyst showed no appearance of CH4,
proving that the CO2 reduction reaction is driven by light with the
photocatalyst. Bulk Zn2GeO2 obtained by conventional solid-state
reaction (SSR) at 1200 °C for 16 h produced a trace amount of
CH4 (curve a). The higher photocatalytic activity of the Zn2GeO4

nanoribbons toward reduction of CO2 relative to that of the SSR
sample can be attributed to the following four reasons: (1) Reducing
the lateral dimension to the nanometer length scale as in the
nanobelts offers a high specific surface area of 28.27 m2/g, which
is >37 times larger than the area of 0.75 m2/g for the SSR material.
(2) The superb crystal quality excludes the possibility of any grain
boundaries and/or other interfaces (which usually act as recombina-
tion sites in polycrystalline materials). This should favor improved
separation of the photogenerated electron and hole and decrease
the electron-hole recombination rate. (3) The ultralong longitudinal
dimension provides a sufficiently spacious transport channel for
charge separation. (4) The ultrathin geometry of the nanoribbons
allows charge carriers to move rapidly from the interior to the
surface to participate in the photoreduction reaction. The rate of
CH4 generation over the Zn2GeO4 nanoribbon could be significantly
enhanced by loading of Pt (curve c) or RuO2 (curve d) and
especially by coloading of Pt and RuO2 (curve e; 25 µmol g-1

during the first hour) as a cocatalyst (see Figure SI9) to improve
the separation of the photogenerated electron-hole pairs, as
demonstrated in photocatalytic water splitting.7

In summary, ultralong, ultrathin, high-aspect-ratio single-crystal-
line Zn2GeO4 nanobelts have been synthesized in an En/H2O binary
solvent system, and they exhibit promising photocatalytic activity
for reduction of CO2 to CH4. This binary solvent system may
provide a new route for preparing other 1D ternary oxides.
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